Abstract. Recent studies based on satellite observations have shown that there is a high statistical connection between the late winter (Feb-May) sea ice export out the Laptev Sea, and the ice coverage in the following summer. By means of airborne sea ice thickness surveys made over pack ice areas in the southeastern Laptev Sea, we show that years of offshore directed sea ice transport have a thinning effect on the late winter sea ice cover, and vice versa. Once temperature rise above freezing, these thin ice zones melt more rapidly and hence, precondition local anomalies in summer sea ice cover. The preconditioning 5 effect of the winter ice dynamics for the summer sea ice extent is confirmed with a model sensitivity study where we replace the inter-annual summer atmospheric forcing by a climatology. In the model, years with high late winter sea ice export always result in a reduced sea ice cover, and vice versa. We conclude that the observed tendency towards an increased ice export further accelerates ice retreat in summer. The mechanism presented in this study highlights the importance of winter ice dynamics for summer sea ice anomalies in addition to atmospheric processes acting on the ice cover between May and September. Finally,
In this study, we further investigate the preconditioning effect of winter ice dynamics on the local summer sea ice cover.
To separate the winter from the summer processes that influence the summer sea ice cover in the Laptev Sea, we perform a sensitivity study by means of a numerical model. This allows us to quantify the importance of the local winter preconditioning for the summer sea ice cover. The model is also used to test if the observed increase sea ice area export is reflected in an increase in sea ice volume export out of the Laptev Sea. This would extend the importance of the regional sea ice transports to 5 the larger region of the Transpolar Drift system. The outline of this paper is as follows. In Section 2 we describe the observational and satellite data sources, and the numerical model. In Section 3, we review the preconditioning effect of late winter ice dynamics on the sea ice cover by means of airborne sea ice thickness surveys made at the end of the winter 2008 and 2012. In section 4, we extend the late winter sea ice export of Krumpen et al. (2013) till 2014 and compare satellite-based estimates with results obtained from the numerical model. Finally, 10 we investigate the importance of the winter preconditioning for the summer sea ice cover in a sensitivity study (section 5). In sections 6 and 7 we discuss and sum up our findings.
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Model
The numerical model used in this study is a regional coupled sea ice -ocean model based on the Massachusetts Institute of Technology General Circulation Model code -MITgcm (Marshall et al., 1997; MITgcm-Group, 2014 ) with a model domain covering the Arctic Ocean, Nordic Seas and northern North Atlantic. The horizontal resolution is 1/4
• (∼28 km) on a rotated grid with the grid equator passing through the geographical North Pole. The sea ice model is a dynamic-thermodynamic sea-ice 5 model with a viscous-plastic rheology (Losch et al., 2010) and has a landfast ice parametrization as described by Itkin et al. (2015) , where more details about the model set-up can be found. The model is forced by the atmospheric reanalysis -The Climate Forecast System Reanalysis (Saha, 2010 , NCEP-CFSR) from 1979 to 2010 and then from 2011 to 2014 with the NCEP Climate Forecast System Version 2 (Saha, 2014, CFSv2) . The selection of the NCEP-CFSR atmospheric forcing is based on the low biases compared to other atmospheric reanalysis (Lindsay et al., 2014) .
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Preconditioning of summer ice extent by winter ice dynamics
The preconditioning effect of late winter ice export on local ice cover in the following summer was investigated by Krumpen et al. (2013) . A comparison of satellite-based late winter ice flux with summer ice anomalies revealed a negative coupling with a correlation coefficient of r = -0.65. The negative correlation of late winter sea ice export from the Laptev Sea and subsequent summer sea ice concentration can be explained by the replacement of the exported ice by new ice formed in polynyas situated 15 along the landfast ice edge. Note that there is a close relationship (r = 0.85) between across-boundary ice export and estimated polynya area (Krumpen et al., 2013, compare Fig. 12 ), because offshore wind favors both, ice transport away from the coast and the development of thin ice in flaw polynyas. If new ice zones are formed comparatively late and ice motion is dominated by an offshore directed drift component, new ice areas stay rather thin and may melt more rapidly once temperatures rise above freezing. In contrast, new ice zones formed during winters with enhanced onshore advection of sea ice, are subject to a stronger 20 dynamic thickening which in turn delays onset of sea ice retreat.
Sea ice thickness observations in the Laptev Sea that could confirm this preconditioning mechanism are scarce, but the existing HEM ice thickness measurements (Fig. 2) were taken during two contrasting years of late winter sea ice export. In our simulation (compare Fig. 4 ) as well as in the satellite-based data, the sea ice export in winter 2008 was lower than average, to reason that the presence of thin ice preconditioned early sea ice retreat ( 
Model and satellite data inter-comparison
Before investigating the impact of winter ice dynamics on summer ice conditions with the model, its performance was examined via a comparison of simulated versus satellite-based ice export and extent. controlled by changes in geostrophic wind velocities. The positive trend in observed ice export of 7.19×10 3 km 2 /year (p = 0.0049), is however associated to an increasing drift speed due to a thinning ice cover. The trend in simulated export rates is higher (12.02×10 3 km 2 /year) but statistically not significant (p = 0.0888). The overall agreement between simulations and observations is high, with a correlation coefficient of 0.73 for the late winter sea ice export as well as for the summer sea ice concentration. Unfortunately, sea ice volume flux estimates covering the entire investigation period are not available from 10 observations due to the lack of the sea ice thickness measurements from space. However, the model simulation shows that the volume export is highly correlated to the area flux (r = 0.98), and has a positive trend of 19.8 km 3 /year (not significant, p = 0.1729). Despite the good agreement, the simulated sea ice area export and summertime ice concentration are more than double of the satellite-based estimates. The averaged simulated sea ice concentration during summer and ice export during winter amount to 47 % (± 16 %) and 388×10 3 km 2 (± 231×10 3 km 2 ), while averaged satellite-based estimates are 29 % (± 18 %) and 142×10 3 km 2 (± 90×10 3 km 2 ).
Sensitivity study
The negative correlation of late winter sea ice export out of the Laptev Sea and the following summer sea ice concentration is confirmed by our simulation. The correlation coefficient between winter export and summer ice cover of the remote sensing 5 products is -0.65, while the correlation of simulated variables is even higher (r = -0.77). This indicates that the winter processes preconditioning summer sea ice cover are well captured by our model. summer ice extent and vice versa. The export also impacts sea ice volume of the Laptev Sea. Strong offshore advection of sea ice leads to a reduced sea ice volume and the other way around.
To differentiate between the effect of winter and summer processes preconditioning the ice cover in August and September we designed a sensitivity study where the model is forced with the inter-annual atmospheric reanalysis in winter (Jan -Apr).
From May till December a climatology (CLIM) is used instead. At every beginning of the year the simulation is continued sea ice export. This points to the importance of the late winter polynyas for the summer sea ice cover. Likewise the annual cycle of sea ice volume is strongly connected to the export strength. A year that starts with a high sea ice volume, but has a strong polynya activity in the late winter will have a low sea ice volume in summer. Also the opposite is true. This means that the sea ice memory on the Laptev Sea shelf is only preserved from one late winter to the next and not beyond.
Discussion
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The negative correlation of observed and simulated late winter sea ice export from the Laptev Sea and subsequent summer sea ice concentration can be explained by the replacement of the exported ice by new ice formed in polynyas situated along the landfast ice edge. This 'late polynya ice' has less than 4 month time to grow, as in May the atmospheric temperatures can already be above the freezing temperature of sea water (Krumpen et al., 2011a), and can be as thin as 10 cm and rarely thicker than 1 m (Rabenstein et al., 2012) . The thickness of the late polynya ice and the area that is covered by it is determined by the 10 ratio of onshore and offshore winds. Onshore winds compress the ice against the landfast ice edge, close polynyas and result in a low sea ice export from the Laptev Sea, while offshore winds open polynyas and drive the ice out of the Laptev Sea. In early spring, areas covered by thin ice formed during late polynya events are less resilient to melting processes and will thus be characterized by an earlier onset of ice retreat than regions covered by the thick ice that has been growing the entire winter. visualizes the thinning effect of enhanced offshore ice advection on the sea ice cover.
The presence of extensive thin ice areas in years with a high late winter sea ice export precondition low sea ice extent and volume in the following summer. This connection is confirmed by the model sensitivity study where we replace the inter-annual summer atmospheric forcing by a climatology. Although the model is not perfectly tuned to observations (simulated export and summer ice coverage are double of satellite-based estimates), the use of the model for a sensitivity study is sufficiently rigorous,
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since we expect to provide a zero-order estimate of the potential contribution of winter ice export on summer sea ice cover. In addition, the mismatch between simulated and observed fluxes may be further attributed to an overestimation of wind speed in the reanalysis data. Too high wind speed in some of the atmospheric forcing data for the Laptev Sea region have been pointed out already by Ernsdorf et al. (2011) and Fofonova et al. (2014) . The high sea ice fluxes and low sea ice concentrations in our simulation in the 1990s may be a consequence of another bias in the atmospheric forcing that is specific for the NCEP-CFSR.
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PIOMAS simulations with various atmospheric forcing show that the simulation with NCEP-CFSR results with a winter sea ice volume in 1990s comparable to the state in the recent years (Lindsay et al., 2014 ).
In the model, years with high late winter sea ice export result in a reduced sea ice cover. In CLIM the effect is even more pronounced. However, note that summer ice concentration and volume in CLIM are by about 13 % and 32 % larger than in CTRL.
In addition, the spread between the years is unrealistically low. The standard deviation in CLIM for summer ice concentration
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and volume is only ± 7 % and ± 0.19×10 3 km 3 compared to the ± 16 % and ± 0.28×10 3 km 3 in CTRL. This points to the importance of atmospheric processes acting on the ice cover during summer months. Following Bareiss and Goergen (2005) , in addition to the preconditioning effect of winter ice dynamics, local anomalies in summer sea ice extent are thought to be 9
the consequence of synoptic-scale processes (e.g. cyclones) superimposed on the large-scale atmospheric circulation during summer. The connection between shifts in the atmospheric circulation and the role of cyclonicity for anomalies in summer sea ice concentration were discussed by Serreze et al. (1993) ; Serreze (1995) ; Maslanik et al. (1996) and Maslanik et al. (2000) .
In particular cyclones entering the Laptev Sea from the southwest enhance the northward ice transport and are associated with an inflow of anomalous warm air masses of above average air temperatures. If ice retreat happens early enough to allow at-5 mospheric warming of this open water (e.g. during years of high export), winds that force ice floes back into this water cause melting. The interaction between surface winds and warm sea surface temperatures in areas from which the ice has already retreated were recently investigated by Steele and Ermold (2015) .
Our model simulation also provides insight into long-term changes of sea ice volume export that is currently not available from observations or satellite data. The simulated trend of sea ice volume export for the period from 1992 till 2014 is positive, 10 but not significant. This indicates that the observed acceleration of the sea ice drift and associated increase in area export out of the Laptev sea may not be compensated by the thinning effect of enhanced offshore advection. Hence, we expect that an increased volume export from the Laptev Sea into the Transpolar Drift has far reaching consequences for the entire Arctic sea ice mass balance. How winter ice dynamics on the Siberian shelves interacts with Arctic wide changes is part of an upcoming study. Moreover, it is notable that the simulated sea ice area export from the Laptev Sea has a higher correlation to the summer 15 sea ice concentration than the volume export. This provides evidence that the northward advection of sea ice has a stronger preconditioning effect than the thickness of the ice cover itself. Ergo changes in the sea ice drift speed, as observed in large parts of the Arctic (Spreen et al., 2011) , play a bigger role for the ice extent in summer than changes in the thickness of the ice cover.
New ice zones formed at the end of the winter during offshore advection events rapidly melt once temperature rise above 20 freezing. It stands to reason that the ice albedo feedback not only accelerate retreat of surrounding sea ice, but also leads to an earlier onset of fast ice decay. The Laptev Sea is characterized by an extensive fast ice extent. The interannual and seasonal variability and trends of the southeastern Laptev Sea fast ice, an area with the widest fast ice extent in the Arctic, were recently investigated by Selyuzhenok et al. (2015) . The authors used operational sea ice charts provided by AARI to determine onset of fast ice growth, extent, beginning of breakup, and end of fast ice season between 1999 and 2013. Following Selyuzhenok et al.
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(2015), the onset of fast ice breakup is closely linked with Lena River breakup. In contrast, the end of the fast ice season (time when fast ice drops below a certain extent) is strongly correlated with onset of surface melt derived from passive microwave data. Both show a negative trend of -2.6 and -8.7 days/decade respectively. How dynamics of pack ice in winter influence fast ice decay has not been studied. Here we compare the sea ice export with the timing of fast ice breakup and end of fast ice season (Fig. 7) obtained from satellite data. We limit the comparison to the southeastern Laptev Sea, were mechanisms of growth and 30 decay were studied in detail by Selyuzhenok et al. (2015) and accurate information about timing of breakup is available. The correlation coefficient between onset of fast ice breakup and ice area export is small (r = -0.35). This indicates that onset of fast ice breakup is independent of winter ice dynamics and, as suggested by Selyuzhenok et al. (2015) and Bareiss et al. (1999) rather attributed to the timing of river breakup. However, the correlation between end of fast ice season and ice export is high (r = -0.63). Hence, in addition to the onset of surface melt, years of strong offshore advection precondition earlier end of the fast ice season and shortening of the duration of the breakup period, and vice versa. We argue that during years of high ice export and early melt of thin ice zones, shallow waters heat up quickly and more heat is available to favor bottom melt of fast ice and accelerate its retreat. The tendency towards earlier fast ice retreat may therefore not only be related to rising temperatures in spring and earlier onset of surface melt, but also to the acceleration of pack ice drift and increased offshore advection. polynyas is thin and subject to a quick summer melt, which leads to low summer sea ice concentration and volume in the 10 Laptev Sea. To confirm the preconditioning of the summer sea ice cover with the winter exports we perform a sensitivity study where we force our model with inter-annual atmospheric forcing from January till May and then switch to the climatological forcing till the end of the year. Our results show a clear distinction between years with high and low sea ice export: Years with high late winter sea ice export leads to the development of large open water zones that heat up quickly. Following Steele and Ermold (2015) , winds that force ice floes back into this water in the subsequent month cause melting and further 15 accelerates ice retreat. In addition, model simulations indicate that the observed increase in sea ice area export from the Laptev Sea is accompanied by an increase in the volume export. Moreover we could show that ice dynamics in winter not only precondition local summer ice extent, but also accelerate fast ice decay. The mechanism presented in this study highlights the importance of winter ice dynamics for summer sea ice anomalies in addition to atmospheric processes acting on the ice cover between May and September. 
